ncephalomyopathies caused by mutations in mitochondrial DNA (mtDNA) are a genetically and phenotypically variable group of disorders. Biochemically, they are characterized by defects in the mitochondrial respiratory chain, and the most ominous histologic finding is the accumulation of mitochondria in muscle, leading to ragged red fibers (RRFs). Brain, cardiac muscle, and skeletal muscle have the highest requirements for mitochondrial oxidative phosphorylation; therefore, they are the most sensitive tissues to the deleterious effects of mtDNA mutations. More than 100 point mutations in mtDNA have been reported so far. 1 Because the polypeptides encoded by the 13 mtDNA genes interact with ϳ70 nuclear-encoded polypeptides to form 5 multisubunit enzyme complexes (I to V) within the mitochondrial oxidative phosphorylation system (OXPHOS), a mitochondrial disease may be caused by abnormalities in either nuclear or mitochondrial genes.
Conformation-sensitive gel electrophoresis (CSGE) has been proved to be an efficient method in screening for sequence differences in polymerase chain reaction (PCR) amplified fragments. It is based on the separation of heteroduplexes that contain single base-pair mismatches from homoduplexes composed of perfectly base-paired DNA strands in a polyacrylamide gel, 2 is simple, has a large capacity, and does not need radioactivity for detection purposes. 3 The heteroduplexes are generated in a denaturation-renaturation cycle with a homologous reference fragment, allowing homozygous nuclear DNA variants or homoplasmic mtDNA variants to be detected. 3, 4 This technique is rapid and cost-effective compared with direct sequencing when searching for mutations among a large number of samples, because sequencing is required only when the results of a CSGE analysis suggest a mutation.
Mitochondrial dysfunction may be one of the most common causes of undefined encephalomyopathies. We recently assessed the frequency of mitochondrial disorders among 116 children with undefined encephalomyopathies in a 7-year prospective study. 5 Seventeen of the 116 patients were found to have both defects in oxidative phosphorylation and abnormalities in muscle mitochondria, suggesting a clinically probable mitochondrial disease. 5 We are concerned here with the molecular cause of encephalomyopathies in these 17 children. Sequence analysis of the entire mtDNA by CSGE and sequencing revealed pathogenic mutations in 3 of the 17 patients. Two of them harbored novel heteroplasmic mutations in tRNA Arg and tRNA Glu genes, respectively, whereas the third child had the common MELAS mutation in the tRNA Leu(UUR) gene.
METHODS
The patient group comprised 17 children who had a defect in oxidative phosphorylation and abnormal ultrastructure of muscle mitochondria and had been identified in our prospective 7-year study that included 116 children with unknown encephalomyopathy. 5 The pediatric population in the catchment area numbered 97 609 on the last day of patient inclusion. The patients are identified here according to Table 5 of our previous article. 5 The most common clinical features among the 17 children were mental and motor retardation (n ϭ 16), seizures (n ϭ 8), muscle hypotony (n ϭ 8), progressive course (n ϭ 6), and short stature (n ϭ 5). Electroencephalography (EEG) was abnormal in 13 children, brain imaging was abnormal in 11 children, blood or cerebrospinal fluid lactate was increased in 8 children, and RRFs in muscle were found in 3 children. The samples were examined after obtaining informed consent from the parents of the children. The research protocol was approved by the Ethics Committee of the Medical Faculty, University of Oulu.
Control blood samples were obtained from 403 volunteers, who reported that they and their mothers were healthy with respect to diabetes, sensorineural hearing impairment, and neurologic ailments. 6 Furthermore, the complete mtDNA sequence has recently been determined in 192 Finnish samples. 7 In addition to the analysis of the entire mtDNA sequence of 17 patients, the skeletal muscle mtDNA samples of the remaining of 99 patients 5 were tested for novel tRNA Arg and tRNA Glu mutations by restriction fragment length polymorphism (RFLP) analysis.
Case Reports
Patient 3 (patient identification according to Table 5 of the previous article 5 ) is a boy who is the first child of nonconsanguineous parents. He was born after an uncomplicated full-term pregnancy and normal delivery. Early psychomotor development was not delayed (Table 1) , but at the age of 10 years, he was evaluated for poor school performance and delayed speech development. He has had migraine attacks, exercise intolerance, and attacks of loss of tone in the legs lasting for 5 to 10 minutes. Ophthalmologic examination showed prominent scleral veins, anomalous chamber corners, and elevated ocular pressure. He has progressive sensorineural hearing loss. At the last follow-up visit, at the age of 16 years, his muscles were hypotonic and he had predominantly right-sided dysmetria. He had dyslalia and dysarthria, and he was found to have moderate retardation according to International Classification of Diseases, Tenth Revision criteria.
Blood lactate values were mildly elevated, the lactate/pyruvate ratio was increased, and cerebrospinal fluid lactate was elevated (Table 1) . Normal values were obtained for serum acid-base balance, glucose, liver enzymes, concentrations of plasma amino acids, urinary amino acids, organic acids, oligosaccharides, and serum and urinary carnitine. Complex IV activity in the muscle mitochondria was decreased (Table 1) . Increased fat and RRFs were found in the muscle at the age of 15 years. EEG was normal, and magnetic resonance imaging (MRI) showed mild cerebellar atrophy. The mother of the proband had gestational diabetes during the last 2 pregnancies, and the maternal grandmother developed sensorineural hearing loss at the age of 57 years. The proband's 3 younger siblings are healthy.
Patient 5 is a boy who is the second child of nonconsanguineous parents. He was born at term after an uncomplicated pregnancy and normal delivery. During the first few months of life, he had jitteriness in his hands, a poor gaze contact, and a continuous coarse horizontal nystagmus. Computed tomography of the head, EEG, a flash electroretinogram, and visual evoked potentials were normal. His psychomotor development was only mildly delayed in early childhood (see Table 1 ). However, by the age of 6 years, he had mild retardation, and at the age of 8 years 8 months, he had moderate retardation. He was clumsy, his gait was broad based, his facial muscles were weak, and he was drooling, in addition to which his speech was slow and he had some phonologic difficulties. He had a continuous coarse horizontal nystagmus, and his visual acuity was decreased, but the fundi were normal. In other respects, his neurologic and physical examinations were normal. The blood lactate/pyruvate ratio was increased (Table 1) , but other routine laboratory measurements were normal (for the complete list of tests, see case history of patient 3). Histologic examination of the muscle at the age of 1 year had revealed nonspecific myopathy with a predominance of type 1 fibers but no RRFs. An increased amount of fat and giant mitochondria were seen in electron microscopy. The activity of complex IV was decreased, whereas complexes I, IϩIII, and IIϩIII activities were normal (Table 1) . T2-weighted MRI at the age of 3 years suggested dysmatured myelin formation. Two years later, myelinization was normal, but increased signal intensity was noted in both thalami, and the white matter was unusually sparse at the level of the trigonum. Other family members were asymptomatic, including the proband's elder sister, and a neurologic examination of the mother of the proband was normal.
Patient 17 is a girl who is the second child of nonconsanguineous healthy parents. Her elder brother is healthy. She was born at term after an uncomplicated pregnancy and normal delivery. Her psychomotor development was delayed (Table 1) , she had muscle hypotonia and severe dysphasia, and at the last follow-up visit at the age of 6 years 1 month, her muscles were hypotonic and she could not walk on her toes or heels. Her neurologic and physical examinations were otherwise normal. She was judged to have mild retardation.
Blood lactate and pyruvate levels have been within normal limits (Table 1) , and although serum-free carnitine was measured once to be 18 mmol/L, subsequent measurements were within the normal values for the laboratory (35-70 mmol/L). Other routine laboratory measurements were normal (for the complete list of tests, see case history of patient 3). Histologic examination of muscle samples revealed RRFs, and increased amounts of fat and mitochondria were seen in electron microscopy. The activities of complexes I and IϩIII of the respiratory chain were decreased, whereas complexes IIϩIII and IV activities were normal (Table 1) . Brain MRI at the age of 1 year 10 months showed slightly enlarged ventricles, wide cerebral sulci, and a thin corpus callosum. EEG was normal.
Molecular Methods

DNA Extraction
Total DNA was isolated from blood cells, buccal epithelial cells, and skin fibroblasts using a QIAamp Blood Kit (Qiagen, Hilden, Germany) and from skeletal muscle biopsies by standard extraction with phenol and chloroform. mtDNA haplogroups were determined by analysis of RFLP 8 and by sequencing the hypervariable segment I.
CSGE and Sequencing
MtDNA from the patients was screened for polymorphisms and mutations by CSGE and subsequent sequencing. 2, 4 Muscle DNA was used as the template in 14 patients, and in the remaining 3 cases, some of the amplifications were performed with blood DNA as the template because of an insufficient amount of muscle DNA. The heteroduplexes that differed in mobility on CSGE from wild-type homoduplexes were analyzed by automated sequencing (ABI PRISM 377 Sequencer using the Dye Terminator Cycle Sequencing Ready Kit; Perkin Elmer, Foster City, CA) after treatment with exonuclease I and shrimp alkaline phosphatase. 9 The primers used for sequencing were the same as those used in the amplification reactions for CSGE. The D loop was amplified in a fragment spanning nts 15975 to 00725, and the sequence was determined in the interval nts 16024 to 16400.
Detection of Heteroplasmy
Heteroplasmy of the putative pathogenic mtDNA mutations 5452CϾT, 7859GϾA, 10438AϾG, and 14696AϾG was examined by RFLP analysis of amplified DNA from the study subjects or by screening bacterial clones harboring the mutation. All the enzymes used were from New England Biolabs (Beverly, MA).
mtDNA contains a Taq I restriction site at nt 10438, but the 10438AϾG transition abolishes this restriction site, thus providing a basis for restriction fragment analysis of the mutation. A 413-bp fragment spanning nts 10288 to 10700 was amplified by PCR. After digestion with Taq I, the fragments were electrophoresed through a 10 First, amplified 413-bp fragments were subcloned into a pCR 2.1-TOPO vector (TOPO TA Cloning Kit; Invitrogen, Leek, Netherlands). Positive clones were cultured overnight in 2 mL of LB medium that contained 50 g/mL ampicillin. Portions of 1 L from the cultures were then incubated for 10 minutes at 94°C to lyse the cells and inactivate the nucleases, and DNA was amplified in the presence of a vector-specific pair of primers. A nested PCR was then conducted using the same pair of primers as in the RFLP analysis of 10438AϾG, and digestion with Taq I was used to detect 10438AϾG. The proportions of mutant and wildtype mtDNA were calculated. Second, the proportion of the 10438AϾG mutation in mtDNA was determined by RFLP analysis of a fragment synthesized in the presence of 35S-dATP. The digested product was electrophoresed through a 10% nondenaturing polyacrylamide gel, which was dried and autoradiographed at Ϫ72°C overnight using Kodak XAR film with an intensifying screen. The intensities of the bands on the autoradiography film were quantified using a GS-710 Calibrated Imaging Densitometer (Bio-Rad Laboratories, Hercules, CA).
The proportion of the 14696AϾG mutation was determined by RFLP analysis of a fragment synthesized in the presence of 35S-dATP as described above. 14696AϾG creates a novel Aci I restriction site. Thus, the amplified DNA fragment (spanning nts 14560 -14820) of 261 bp harboring 14696AϾG was digested into fragments of 136 bp and 125 bp. The heteroplasmy of the 14696AϾG mutation in skeletal muscle was also determined by subcloning as described above. The amplified DNA fragments were digested with Aci I, and the cleavage was verified on 3% MetaPhor agarose (FMC BioProducts, Rockland, ME). This RFLP analysis was also used to detect the 14696AϾG mutation in 403 control subjects and in 99 children with unexplained encephalomyopathy.
The common MELAS mutation 3243AϾG was detected by Apa I digestion of the appropriate mtDNA fragment amplified in the presence of 35S-dATP. 11 The possible heteroplasmic state of nucleotide positions 5452 and 7859 was determined by cloning. The amplified fragment between nts 7813 and 8203 was cloned, and 7859GϾA was verified by loss of the Dpn II site. Similarly, amplified DNA fragment spanning nts 5287 to 5697 was subcloned, and, thereafter, 120 clones were studied by CSGE to detect the mutant clones harboring 5452CϾT. For sequencing, M13 forward and M13 reverse primers were used to amplify the template, and the sequencing was conducted using plasmid-specific and insertspecific primers.
RESULTS
Nucleotide Sequence of the Entire mtDNA in 17 Children With Encephalomyopathy
We analyzed the entire mitochondrial genome in 17 patients with defects in oxidative phosphorylation and abnormal mitochondrial ultrastructure by CSGE and sequencing. We identified several mtDNA polymorphisms that have been reported in MITOMAP 12 or in a recent compilation of 435 European mtDNA sequences 13 or have been found in Finnish controls. 7 Furthermore, we found 4 substitutions-5452CϾT, 7859GϾA, 10438AϾG, and 14696AϾG-that have not been described earlier and the common MELAS mutation 3243AϾG (Fig 1) . We found that 5452CϾT (Thr328Met in mtND2 gene) and 7859GϾA (Asp92Asn in mtCO2 gene) were homoplasmic substitutions, whereas 10438AϾG and 14696AϾG were heteroplasmic and, therefore, were studied further.
Heteroplasmic 10438A>G Mutation in the tRNA Arg Gene
10438AϾG in the tRNA Arg gene was found in patient 5 and in his mother and maternal grandmother ARTICLES (Fig 2A) . A nondigested 413-bp fragment was observed in each individual after digestion with Taq I, in contrast to the control subjects, indicating the presence of the 10438AϾG mutation (Fig 2A) . Both digested and undigested fragments were detected in each family member. The heteroplasmic state was verified by subcloning that revealed the mutation in 44 of 55 subclones, indicating a mutant heteroplasmy of 88% in the muscle of the proband, and 57 mutant subclones of 78, indicating a mutant heteroplasmy 29, 30 Grey, polymorphism reported in MITOMAP, 12 in a recent compilation of European mtDNA sequences, 13 or found in Finnish control subjects 7 ; black, putative pathogenic mutation.
of 73% in the blood. The degree of mutant heteroplasmy was low in the blood of the proband's asymptomatic mother (Table 2) , and RFLP analysis did not reveal any differences in the amount of mutant mtDNA among the blood, buccal epithelium, skin fibroblasts, and muscle (Fig 2A) . The degree of mutant heteroplasmy was 17% in the blood and 8% in the buccal epithelium of the maternal grandmother (Fig 2A) . 10438AϾG was not found in 403 random population control subject or in 99 other patients with encephalomyopathy.
Heteroplasmic 14696A>G Mutation in the tRNA Glu Gene
14696AϾG in the tRNA Glu was found in patient 17 and his mother and maternal grandmother (Fig 2B) . RFLP analysis using Aci I suggested heteroplasmy (Fig 2B) , which was verified by subcloning. RFLP analysis of the subclones revealed the mutation in 191 of 195 subclones, indicating a mutant heteroplasmy of 98% in the skeletal muscle of the proband. The degree of mutant heteroplasmy was also very high in the blood of the proband but clearly lower in that of the proband's asymptomatic mother and grandmother ( Fig 2B, Table 2 ). The mtDNA of this family belonged to haplogroup H. 14696AϾG was not found among the other 99 patients with childhood encephalomyopathy or in control subjects who belonged to haplogroup H, but, interestingly, it was found in 1 control subject who belonged to haplogroup W. In this blood sample, the 14696AϾG mutation was also heteroplasmic, with 64% of mutant mtDNA (Fig 2B) .
Frequency of Pathogenic mtDNA Mutations
In addition, we found the common MELAS mutation 3243AϾG in patient 3 and in his mother and maternal grandmother (Fig 2C, Table 2 ). Altogether, 3 heteroplasmic tRNA mutations were detected in 3 of 17 children with mitochondrial encephalomyopathy, giving a frequency of 18% for definitely pathogenic mtDNA mutations (95% confidence interval: 4%-43%). These 17 patients belonged to a cohort of 116 children with unknown encephalomyopathy, suggesting that the frequency of pathogenic mtDNA in this group was 2.6% (95% confidence interval: 0.5%-7.4%).
DISCUSSION
We determined the nucleotide sequence of the entire mtDNA in 17 children with probable mitochondrial encephalomyopathy. These children were identified previously in a prospective survey of a defined population on the basis of a defect in mitochondrial oxidative phosphorylation and abnormal ultrastructure of the muscle mitochondria. 5 We found 3 children with heteroplasmic tRNA mutations, 2 of which were novel transitions 10438AϾG in tRNA Arg and 14696AϾG in tRNA Glu , whereas the third one was the common MELAS mutation 3243AϾG. In addition, we found several known polymorphisms that co-segregated with mtDNA haplogroups (Fig 1) and 2 homoplasmic substitutions 5452CϾT and 7859GϾA that had not been described earlier 12, 13 or were not found among the control subjects.
We believe that the 10438AϾG mtDNA mutation C, The heteroplasmy of the 3243AϾG mutation was determined by Apa I digestion. The 3243AϾG mutation leads to the gain of an Apa I cleavage site, and the amplified DNA fragment of 410 bp harboring this mutation will be digested into fragments of 307 bp and 103 bp (arrows). Lane 1, blood mtDNA from a healthy control; lane 2, blood from the proband's grandmother; lane 3, blood mtDNA from the proband's mother; lanes 4 to 5, mtDNAs of the proband: lane 4, blood at the age of 10 years; lane 5, blood at the age of 15 years; lane 6, skeletal muscle at the age of 10 years.
TABLE 2.
Heteroplasmy of 10438A Ͼ G, 14696A Ͼ G, and 3243A Ͼ G in Three Generations ARTICLESis the cause of encephalomyopathy in patient 5. This mutation was absent in 403 healthy unrelated control subjects; furthermore, the mutation was heteroplasmic, which is typical of pathogenic tRNA mutations in mtDNA. The 10438AϾG mutation changes the nucleotide flanking the anticodon (Fig 3A) . Three other heteroplasmic mutations have been reported at a position homologous to nt 10438. The 14709AϾG mutation in the tRNA Glu gene causes encephalomyopathy and diabetes, [14] [15] [16] 4295AϾG in tRNA Ile is associated with hypertrophic cardiomyopathy, 17 and 12301AϾG in the tRNA Leu(CUN) gene has been found in a patient with acquired idiopathic sideroblastic anemia. 18 Alignment of tRNA Arg sequences from various species revealed that adenine at position 10438 is highly conserved in all mammals and in various eukaryotic species, the exceptions being some reptiles, amphibians, fish, and nematodes. In a similar manner, 14709AϾG in tRNA Glu occurs at a position that is highly conserved except in nematodes. 15 Such point mutations flanking the anticodon triplet affect codon matching and possibly tRNA synthetase recognition, with a decrease in the accuracy and rate of translation. 19 The position 10438 in human mtDNA corresponds to position 37 in the canonical tRNA molecule. 20 It is interesting that this nucleotide is subject to posttranscriptional modification in 2 of the 3 human mitochondrial tRNAs that have been sequenced so far, suggesting functional importance. 21, 22 Mitochondrial tRNA Lys is modified at position 37 in 4 mammalian tRNA Lys molecules. 23 Furthermore, the nucleotide at this position is methylated in the tRNA Arg of Escherichia coli, 24 suggesting that this modification may also be important in human tRNA Arg molecules. Unfortunately, in the lack of fresh muscle, it was not possible to verify the pathogenicity of 10438AϾG by the use of, eg, enzyme histochemistry of cytochrome-c oxidase (COX) and subsequent analysis of mutation heteroplasmy in single COX-negative and COX-positive fibers. The 14696AϾG mutation was detected in the tRNA Glu gene in patient 17, with encephalomyopathy, combined complex I and III deficiencies, and RRFs. Transfer RNA mutations are typically hallmarked by RRFs and the accumulation of structurally abnormal mitochondria in the skeletal muscle and associated with detectable OXPHOS enzyme deficiencies. 25 The 14696AϾG mutation is pathogenic, because it was heteroplasmic and maintained this state over 3 generations. The mutant genotype segregated to near homoplasmy in the blood and muscle of the proband, whereas a clearly lower proportion of the mutant genome was detected in her mother and grandmother. 14696AϾG was absent in 99 other children with encephalomyopathy and in 163 unrelated haplogroup-matched control subjects, suggesting that it is a rare cause of disease and that it does not belong to a specific subcluster within haplogroup H. It is interesting that we found the 14696AϾG mutation in a control subject who belonged to haplogroup W, indicating that the mutation had arisen at least twice in the population. The proportion of 14696AϾG mutation in the control subject was similar to that in the asymptomatic mother of the proband, meaning that the control subject with 14696AϾG is an asymptomatic carrier of a pathogenic mutation. 14696AϾG and 14709AϾG [14] [15] [16] are the only heteroplasmic mutations reported in the human mitochondrial tRNA Glu gene so far. The 14696AϾG mutation changes nucleotide 51 in the canonical tRNA molecule (Fig 3B) . The stem of the pseudouridine loop harbors a wobble composed of nucleotides 50 to 51 and 63 to 64 in the human mitochondrial tRNA Glu , whereas the transition at position 51 creates a novel base pairing and reduces the wobble.
The clinical phenotypes of our patients were variable, although they shared some features with patients who harbor other mitochondrial tRNA mutations. The main features were progressive encephalomyopathy, an OXPHOS defect, abnormal ultrastructure of the skeletal muscle mitochondria, and lactic acidosis or RRFs. The mutant load was very high in the blood of the patients but markedly lower in the blood of asymptomatic maternal relatives. The higher percentage of the mutant DNA in both blood cells and muscle observed in the proband may explain the severity of the clinical phenotype in these patients. The families thus resembled many MELAS pedigrees, 26 whereby oligosymptomatic and asymptomatic carriers of the mutation co-occur with affected family members. It has been shown that tRNA point mutations seem to act as recessive mutations so that a clinical phenotype is expressed only when the proportion of mutant mtDNA is high. 27 In the cases described here, the degree of mutant heteroplasmy was relatively high in 2 of the probands. It is interesting that segregation to near homoplasmy was detected in the proband with 14696AϾG, suggesting that the threshold for this mutation is high, whereas those for the common MELAS mutation and the 10438AϾG mutation are lower.
Because the prevalence of the common MELAS mutation has been found to be 16/100 000 in the adult population of northern Finland, 26 it was somewhat surprising that we found only 1 child with this mutation and 2 children with a mutation in other tRNA genes. Thus, the frequency of definitely pathogenic mtDNA mutations was calculated to be 2.6% among children with encephalomyopathy of unknown cause. Furthermore, the 3 children belonged to a group of 17 patients with a clinically probable mitochondrial disease, making the frequency of pathogenic mtDNA mutations in this cohort 18% and giving a minimum prevalence of 3/100 000 among the children in the general population. A fairly similar prevalence of mitochondrial encephalomyopathies, 5/100 000, has been reported in children in western Sweden. 28 The diagnosis of mitochondrial diseases is based on clinical, histologic, biochemical, and molecular genetic studies. The 17 patients of the present study had received diagnoses of progressive encephalomyopathy, an OXPHOS defect, and abnormal ultrastructure of the skeletal muscle mitochondria. Three children were found to harbor a pathogenic mtDNA mutation, emphasizing that the analysis of the entire sequence of mtDNA is worthwhile in the diagnostic evaluation of such patients. We conclude that children who present with an unexplained encephalopathy and combination of neuromuscular or nonneuromuscular symptoms, with OXPHOS defects and with abnormalities in muscle mitochondria, and lacking the most common known mtDNA mutations should be subjected to molecular analysis of the entire mtDNA. However, we were left with 14 children who did not have pathogenic mutations in mtDNA, suggesting that the likelihood of nuclear DNA mutations in children with a mitochondrial encephalopathy may be even higher than that of mtDNA mutations.
